Abstract
The glyoxylate cycle was described by Kornberg and Madsen 22 [1] as a "modified tricarboxylic acid (TCA) cycle", with which it 23 shares malate dehydrogenase, citrate synthase, and aconitase 24 activities (Fig. 1) . However, instead of the two decarboxylation 25 steps of the TCA cycle the key enzymes of the glyoxylate cycle, 26 namely isocitrate lyase and malate synthase, convert isocitrate 27 and acetyl-CoA into succinate and malate. Isocitrate lyase splits 28 the C 6 -unit into succinate and glyoxylate, which in turn is 29 condensed by malate synthase with acetyl-CoA generating free 30 CoA-SH and malate. The latter is used by malate dehydrogenase 31 to continue the cycle and succinate is released as net product. 32 The intermediate glyoxylate provides the name for this 33 metabolic pathway, which allows cells to convert two acetyl-respiration pathway [19] . A. thaliana encodes five citrate 149 synthases and two of them (CSY2 and 3) are known to be 
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150 peroxisomal [16] . The concerted deletion of CSY2 and CSY3 151 leads to a detectable phenotype insofar as the mutants do not 152 germinate. In contrast to the glyoxylate cycle key enzyme 153 mutants, exogenous supply of sucrose does not relieve the 154 germination block suggesting that peroxisomal citrate synthase 155 activity in Arabidopsis thaliana plays an additional role besides 156 its function in the glyoxylate cycle that is probably linked to the 157 general utilisation of acetyl-CoA. As glyoxylate cycle key 158 enzyme expression has also been demonstrated in pollen [20] , 159 developing embryos [21] and senescing tissues [19] this 160 pathway might also play an important role in these tissues.
161
An interesting phenotype is displayed by the mucous fungus 162 Dictyostelium discoideum which appears to be disturbed in the 163 nutritional endocytosis of bacteria when lacking the peroxi-164 somal enzyme citrate synthase [22] . 165 Strikingly, a functional glyoxylate cycle appears to be 166 required for the intracellular survival (persistence) of Myco-167 bacterium tuberculosis [23, 24] . Moreover, the glyoxylate cycle 168 enzymes are upregulated in the human-pathogenic yeast Can-169 dida albicans upon phagocytosis by mammalian macrophages 170 and a functional glyoxylate cycle is required for full infectivity 171 in mice [25] . Correspondingly, full infectivity of plant-172 pathogenic fungi also requires the glyoxylate cycle and the 173 (Fig. 2) . Eight out of 237 25 fungal enzymes apparently contain a PTS1.
238
The interspecies difference of isocitrate lyase localisation 239 can be seen in a larger context as yeast and plant glyoxylate 240 cycle enzymes do not appear to have a common evolutionary 241 origin. Yeast citrate synthase (CIT2) is more closely related to 242 the mitochondrial citrate synthases from yeast and plant species 243 whereas the plant peroxisomal citrate synthase is more similar 244 to the eubacterial enzymes [42] . Moreover, the malate 245 dehydrogenase isoenzymes from yeast appear to have evolved 246 by gene duplication after the separation from other phyla [42] . 247 In both cases the plant enzyme uses a PTS2 whereas the yeast 248 enzyme uses a PTS1 signal. Whether the suggested additional 249 N-terminal signal targeting CIT2 to peroxisomes (dissimilar to a 250 PTS2 signal) has any physiological importance remains unclear 251 [43] . Also fungal and plant malate synthases are more closely 252 related to eubacterial precursors than to each other [42] .
253
An explanation for the extra-peroxisomal location of some 254 glyoxylate cycle enzymes might be their sensitivity towards 255 H 2 O 2 as shown for the iron-sulfur (Fe-S) cluster of aconitase 256 [44] . Plant names are boxed in red, blue-green algae in green. C-termini from different species based on alignment described above. Arabidopsis thaliana P28297, Ashbya gossypii O94198, Aspergillus fumigatus Q6T267, Brassica napus P25248, Candida albicans Q9P8Q7, Candidat glabrata Q6FPK7, Candida tropicalis P20014, Chlamydomonas reinhardii AAB61446. As the distribution of the glyoxylate cycle enzymes on both 334 sides of the peroxisomal membrane is apparently evolutionarily 335 advantageous, the complicated transport processes have to be 336 counterbalanced by physiological advantages. It appears that 337 the enzymes feeding acetyl-CoA into the glyoxylate cycle are 338 located at the site of acetyl-CoA production linking the 339 utilisation of acetyl-CoA immediately to its generation. This 340 can be accomplished by β-oxidation of fatty acids, a strictly 341 peroxisomal process, or uptake and activation of ethanol or 
359
The net product of the glyoxylate cycle, succinate, is 360 oxidised to fumarate by mitochondrial succinate dehydrogenase 361 (see Fig. 5 , [52] [53] [54] [55] [56] 5, 57] 
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Transport of metabolites
410
The distribution of glyoxylate cycle enzymes between 411 peroxisomal matrix and cytosol implies that within one cycle 
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412 the peroxisomal membrane has to be crossed by various 413 metabolites (Fig. 4) [75, 76] and in mammalian cells [77, 78] [50] , the 3-ketoacyl-CoA thiolase (FOX3) [51] , the CoA-SH transporter LEU5 [52] , the carnitine-acetylcarnitine translocase CAC1 [53] , the tricarboxylic acid transporter CTP1 [5, 54] and the phosphoenolpyruvate carboxykinase (PCK1) [55] .
428 across the peroxisomal membrane. Thus, for these substances 429 regulable transporter proteins seem to be required. 
451
All glyoxylate cycle metabolites destined to cross the 452 membrane are small organic acids mainly dissociated and thus 453 negatively charged. Yeast and plants share the export of citrate 454 and malate and the import of oxaloacetate. The cytosolic 455 localisation of isocitrate lyase (e.g. S. cerevisiae) omits the 456 necessity to export succinate from peroxisomes, but requires the 457 import of glyoxylate instead of isocitrate.
458
The export of malate and the import of oxaloacetate 459 corresponds to the shuttle system exporting the reduction 460 equivalents required for continuous β-oxidation of fatty acids. 461 In yeast, and probably also in plants (Pracharoenwattana and 462 Smith, unpublished), the peroxisomal MDH3 regenerates 463 NAD + by reducing oxaloacetate to malate [8] . At the cytosolic 464 side of the membrane, MDH2 catalyses the reverse reaction and 465 transfers the reduction equivalent to NAD + generating NADH. 466 How these metabolites actually cross the membrane is not 467 known, but an efficient mechanism might require close vicinity 468 between the two MDH enzymes and a pore or transporter 469 protein in between. It can be envisaged that the glyoxylate cycle 470 makes use of the same import/export system with MLS1 and 471 CIT2 at the peroxisomal side replacing MDH3. The import of 472 glyoxylate into peroxisomes of species with cytosolic ICL is not 473 understood. The transport mechanism of succinate, isocitrate 474 and citrate across the peroxisomal membrane remains unclear, 475 although transporter proteins for di-and tricarboxylic acids 476 have been found in the mitochondrial membrane [80] . It may 477 well be that some of these proteins are dually localised. From 478 our understanding of the glyoxylate cycle it is apparent that 479 these metabolite transport systems are essential.
480
Besides its function in the glyoxylate cycle the export of 481 citrate may also serve a different purpose, namely the transfer of 482 C 2 -units mainly to mitochondria for energy production in the 483 TCA cycle. In Arabidopsis seedlings citrate is the only way to 484 export acetyl-units from peroxisomes. When its synthesis is CoA, either by cytosolic YAT2 [81] or YAT1 [81, 82] or by 497 mitochondrial CAT2 [83] . The CAT2 protein is found in 498 mitochondria and in peroxisomes. It is noteworthy that also 499 YAT1 and YAT2 are required in the absence of CIT2.
500
The finding that peroxisomal citrate synthase is not essential 
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540 phosphorylation to regulate carbon flux between TCA and 541 glyoxylate cycles [84, 85] 
560
Given that the glyoxylate cycle shares intermediates with 561 numerous different metabolic pathways (Fig. 5) , the location 562 of several steps of the glyoxylate cycle in the cytosol may 563 provide the cell with a greater level of metabolic flexibility 564 than would be the case if the entire cycle was located within 565 the peroxisome. In contrast to the traditional view on the glyoxylate cycle 568 contained within peroxisomes the participating enzymes are 569 located both inside and outside of this organelle. Thus, several 570 intermediates need to be translocated across the peroxisomal 571 membrane moving it to the central stage. However, neither the 572 molecular mechanism nor its major players have been 573 elucidated. Remarkably, the peroxisomal membrane was found 574 to be leaky for small solutes such as the glyoxylate cycle 575 intermediates, but impermeable for larger molecules like NAD 576 or acetyl-CoA. Usually, the major source of acetyl-CoA is the 577 degradation of fatty acids by β-oxidation inside peroxisomes 578 and the compartmentation of both synthases (MLS and CIT) 579 utilising acetyl-CoA follows the location of its production. The 580 net product succinate generated either inside or outside 581 peroxisomes is further metabolised and serves as precursor for 582 the various anabolic pathways including amino acid biosynthe-583 sis, gluconeogenesis or even tetrapyrrole-biosynthesis ending up 584 in heam or chlorophyll. Thus, after 50 years of glyoxylate cycle 585 research there are still many important aspects that require 586 investigation and more important discoveries to be made. The 587 glyoxylate cycle is fundamentally important in fungal and plant 588 biology and has potential importance in biomedical, agricultural 589 and biotechnological research. 
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The membrane of peroxisomes in Saccharomyces cerevisiae is imperme- 
